Efficient excitation of a single two-level system usually requires that the driving field is at the same frequency as the atomic transition. However, the scattered laser light in solid-state implementations can dominate over the single photons, imposing an outstanding challenge to perfect single-photon sources. Here, we propose a background-free method using a phase-locked dichromatic electromagnetic field
Our two-color excitation method adds a useful toolbox to the study of atom-photon interaction, and the generation of spectrally isolated indistinguishable single photons.
The coherent control of a single two-level quantum system using electromagnetic field, by tuning the frequency, amplitude, and envelope of the field, is the elemental tool of quantum optics: Resonant atom-photon interaction underpins interesting phenomena such as Rabi oscillation 1 , Ramsey interference 2 , Autler-Townes splitting 3 and Mollow triplet 4 . Meanwhile, it has also become ubiquitous in quantum information technologies 5 , used extensively for the initialization, manipulation and measurement of quantum bits in various physical systems including trapped ions 6 , quantum dots [7] [8] [9] , defects in solids 10 , and superconducting quantum circuits 11 .
The resonant field can rotate the quantum state arbitrarily on the XZ plane of the Bloch sphere. Specially, a π pulse excitation changes the quantum state between the two antipodes on the Bloch sphere 12, 13 . A typical application is resonance fluorescence single-photon sources 9,14-20 from quantum dots, which have shown near-unity purity and indistinguishability, and high extraction efficiency [21] [22] [23] . Because the pumping laser spectrally overlaps with the single photons, polarization filtering was usually used to suppress the laser background which, however, reduced the system efficiency of the single-photon source [21] [22] [23] by at least 50%. The quest of large-scale boson sampling 24 and optical quantum computing 25 require near-unity single-photon efficiency, and thus novel methods for optical control of single quantum emitters. One possibility is to use coherent two-photon excitation 26 to drive the cascaded biexciton-exciton transition in a quantum dot, where a record-high single-photon purity has been reported 27, 28 . However, in such a three-level system, the generation of single-photon sources with simultaneous combination of single polarization, near-unity indistinguishability and efficiency was proven difficult.
Here, we propose and demonstrate a new way to coherently drive a quantum twolevel system using a dichromatic field that has no spectral overlap with the transition frequency. As schematically shown in Fig. 1a , the dichromatic pulse consists of two sidebands, which have the same pulse envelope   t  , a fixed phase difference  and are symmetrically red-detuned and blue-detuned by   from the atomic transition frequency eg  . A phase-coherent combination of the two sidebands, as shown by the mathematical relation,
effectively cancels the detuning, and results into a resonant pulse with a new envelope the parity-alternating oscillations, the laser power to reach a π pulse is expected to increase for larger detunings. In addition, the relative phase between the red and blue sidebands gives rise to a new quantum interference phenomenon and a controlling knob for the two-level system beyond the conventional one-pulse resonant excitation 7, 29 . As illustrated in Fig. 1d , the phase  can control the relative position of the positive and the negative parts of the Rabi frequency within the envelope, thereby modulating the time-integrated pulse area.
The coherent dynamic process could be conceptually visualized as the motion of the well-known Bloch vector. While the red-detuned or blue-detuned sideband alone can't efficiently drive the two-level system along of the prime meridian of the Bloch sphere (Fig. 1e) , a phase-coherent combination of the two sidebands together can achieve a deterministic popular inversion through an oscillating trajectory as shown in Fig. 1f .
Our scheme is in principle applicable in various scenarios involving a single twolevel quantum system interacting with electromagnetic fields. Here, we report the first experimental demonstration. The two-level system is a single InGaAs quantum dot embedded inside a 2.5 µm-diameter micropillar, cooled to 3.6 K. The micropillar cavity features a relatively low quality factor of ~1,000 such that its cavity bandwidth can accommodate the spectral width of the dichromatic pulse. A confocal microscope is used for laser excitation of the quantum dot and collection of the emitted resonance fluorescence.
First, we prepare a phase-locked dichromatic pulse using a 4f-system, as shown in The spectrum of the filtered laser pulse in our experiment is shown in Fig. 2b , with a splitting of 132 GHz between the red and blue sideband, which is 82 times larger than the linewidth (~1.6 GHz) of the quantum-dot single-photon source.
The collection arm employs a similar 4f-system as that used in the excitation arm, except that a slit replaces the block, which passes through only the central frequency part of the single-photon emission while intercepting the excitation laser sidebands. In this experiment, such a double 4f-system effectively suppresses the laser scattering by an extremely high extinction ratio of 11 efficiency of the second 4f-system is measured to be 26.4% which in the future can be replaced by commercially available ultra-narrowband optical filters with bandwidth as narrow as 0.1 nm and near-unity transmission rate.
Next, we send the dichromatic pulses to excite a single-electron-charged quantum dot with the center of the dichromatic pulse being tuned to be resonant with the atomic transition, and test its performance in population inversion. Figure 3a plots the pulsed resonance fluorescence single photon intensity as a function of the driving optical field strength. For a comparison, the data from the conventional resonant excitation using a 3-ps laser pulse and cross-polarization extinction is also presented in Fig. 3a . The dichromatic excitation reaches a full population inversion at a pump power of 115 nW, 8.5 times larger than the monochromatic excitation. The single-photon count under the dichromatic excitation, after correcting for the transmission loss of the second 4f-system, is 1.74 times higher than that using the monochromatic excitation and crosspolarization. Such an enhancement is owing to the removal of the polarization filtering that usually sacrifice ~50% of the single photons. Ideally, the efficiency enhancement should be a factor of 2. The additional loss might be due to the damping at high-power regime (115 nW) under the influence of a phonon environment 30 .
An important distinction of the solid-state emitter from an ideal two-level system is the presence of phonon. Phonon-assisted far off-resonant optical excitations have been demonstrated in previous work 31, 32 which requires high pump power (typically >100
times the π pulse power with resonant excitation). We perform controlled experiments by isolating the red or blue sideband only to pump the quantum dot. Figure 3b shows the single photon intensity as a function of pump power. With a laser power of ~115 nW, which corresponds to the π pulse of the two-color excitation, the isolated phononassisted blue and red sideband excitation, however, can only achieve 15% and 7% of population inversion, respectively, in agreement with the theoretical model 31 . This data reinforces our model in Fig. 1 that because the two-color pulses are phase-locked, they should be effectively viewed as a resonant single-color pulse.
Next, we send the two-color pulse through a stable Sagnac interferometer as shown in Fig. 4a , where the red and blue sidebands are split into two paths with an adjustable time delay (thus the phase ) and then recombined on the output beam splitter. Figure   4b shows the detected resonance fluorescence counts as a function of the delay for two examples of driving field strength. In the weak excitation regime (bottom panel), the population of the excited state is approximately proportional to the effective input pulse area which is modulated by the relative phase , thus the oscillation of the resonance fluorescence counts with the pulse delay is close to a sinusoidal function. This phenomenon can also be described as the coherent superposition of the excited state wave function created by two pulses in the low-excitation limit 7, 29 . In the strong excitation regime (upper panel), the photon counts are dependent on the effective pulse area. The photon counts will drop when the pulse area is larger than the π pulse as the relative phase varies, so a dip will appear at the peak of the sinusoid-like oscillation. A 2D map of the phase-sensitive interference fringes at varying phase delay and excitation strength is shown in Fig. 4c , which is in good agreement with numerical simulations (see Supplementary Information) in Fig. 4d , showing a gradual transition from a sinusoidal fringe in the weak power regime to a more complex structure in the strong power regime. We note that the minimum value in Fig. 4b does not drop to zero, which is mainly due to the phonon-induced dephasings 30 and remaining asymmetry of the red and blue pulses (such as the amplitude, linewidth) in our experiment so that the effective pulse area starts from a non-zero value.
Finally, we study the effect of this new coherent control technology on the purity and the indistinguishability of the emitted single photons, two key parameters for optical quantum computation 25, 33 , boson sampling 24 and quantum networks 34 . We first test the purity by second-order coherence measurements. Under π-pulse excitation and at zero relative phase between the two sidebands, we observe a vanishing multiphoton probability of   2 0 0.012 0.001 g  in the collected photons (Fig. 5a) . The photon indistinguishability is tested by using Hong-Ou-Mandel interference between two consecutively emitted single photons at a time delay of 13 ns. Figure 5b In summary, we have proposed and demonstrated coherent driving the two-level system using dichromatic pulses. We have experimentally confirmed its ability in complete population inversion and phase control of the excitonic two-level system. In addition, it allows the production of high-purity and highly indistinguishable single photons. Our work provides additional degree of freedom to separate the excitation laser and the single photon, and can be combined with other techniques such as side excitation 16, 35 and polarized microcavities 36 to generate truly optimal single-photon sources.
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